Introduction {#s0001}
============

Macroautophagy (hereafter called autophagy) is a highly conserved cellular degradative process by which cells remove damaged organelles and toxic macromolecules. Autophagy is initiated by the formation of a crescent-shaped membrane structure called the phagophore, which gradually elongates and sequesters parts of the cytoplasm including damaged macromolecules and organelles. Elongating ends of the phagophore subsequently fuse to form a double-membrane vesicle called the autophagosome, which then fuses with the lysosome leading to degradation of its contents by lysosomal hydrolases.[@cit0001]

Although under certain circumstances pathologically increased autophagy has been implicated in cell death,[@cit0005] under most circumstances autophagy is considered to be a cytoprotective mechanism. Basal levels of autophagy are important for maintaining cellular homeostasis and appear to be essential for normal cellular function and survival of terminally differentiated cells such as neurons. Mice with neural tissue specific knockout of the essential autophagy genes *Atg5* (autophagy-related 5) or *Atg7* (autophagy-related 7) develop severe neurodegeneration, leading to abnormal motor function and reflexes.[@cit0008] Impaired autophagy has been implicated in neurodegenerative disorders such as Parkinson, Alzheimer, and Huntington diseases and in lysosomal storage disorders.[@cit0010] The pathophysiology of these diseases is associated with autophagy defects contributing to accumulation of ubiquitin-positive protein aggregates and to neuronal cell dysfunction and death. In lysosomal storage diseases, defects in autophagy are secondary to deficiencies in specific lysosomal hydrolases and consequent impairment of the lysosomal function.[@cit0016]

Traumatic brain injury is one of the most common causes of death and long-term impairment among young adults.[@cit0018] Brain trauma initiates delayed progressive tissue damage through a cascade of molecular and cellular events leading to neuronal cell death.[@cit0018] The role of autophagy in this secondary neurodegeneration is uncertain. Increased markers of autophagy have been reported in the brain following TBI;[@cit0021] however, its cell-type specificity and the mechanism of induction remain unclear. Moreover, the function of autophagy following TBI is controversial, with both beneficial and detrimental roles suggested.[@cit0025]

Here we examined levels of autophagy and autophagic flux following TBI induced by controlled cortical impact in wild-type and transgenic *GFP-Lc3* autophagy reporter mice. Our data demonstrate that LC3 and autophagosomes accumulate in ipsilateral cortex and hippocampus within hours after injury, and remain elevated for at least 1 wk. Accumulation of autophagosomes after TBI is not due to increased initiation of autophagy, but rather to a temporary impairment of autophagic clearance associated with decreased lysosomal function after TBI. Markers of autophagy remain elevated at later time points, but eventually autophagic flux is restored. Additionally, our analysis demonstrates that initially autophagosomes accumulate specifically in neurons and colocalize with markers of apoptotic cell death. This suggests that early after TBI impaired autophagy may play a detrimental role. Therefore, treatments that either decrease pathological accumulation of autophagosomes or increase their degradation may be neuroprotective after TBI.

Results {#s0002}
=======

Autophagosomes accumulate in the brain after TBI {#s0002-0001}
------------------------------------------------

To examine induction of autophagy after TBI, we determined levels of the autophagy marker protein MAP1LC3B/LC3 (microtubule-associated protein 1 light chain 3) in the ipsilateral cortex by western blot. Conversion of LC3-I to LC3-II by the addition of phosphatidylethanolamine is essential for the formation of autophagosomes,[@cit0004] and can serve as a marker of autophagy. We found a time-dependent increase in the levels of LC3-II, which peaked between 1 and 3 d after injury and then gradually decreased by d 7 ([**Fig. 1A**](#f0001){ref-type="fig"},upper panel and [**Fig. 1B**](#f0001){ref-type="fig"}). Confirming that lipidated LC3 associates with membranes after TBI, we observed accumulation of LC3-II in the crude lysosomal/membrane fraction but not in the cytosolic fraction prepared from the cortex of injured mice as compared to sham (**Fig. S1**). No substantial changes in *Map1lc3* mRNA were apparent in the injured cortex as compared to uninjured controls ([**Fig. 1C**](#f0001){ref-type="fig"}). A time-dependent increase in LC3-II was also observed in the ipsilateral hippocampus of injured mice ([**Fig. 1D and E**](#f0001){ref-type="fig"}), suggesting that a direct mechanical injury was not necessary for the induction of autophagy markers.\\raster(96%)=\"rgFigKAUP_A\_981787_F0001_B\" Figure 1.For figure legend, see page 2211.

In order to investigate the potential mechanism of autophagy after TBI we examined levels of proteins involved in autophagosome formation in the injured cortex and hippocampus. Two protein complexes---the PIK3C3/VPS34 (phosphatidylinositol 3-kinase, catalytic subunit type 3)-BECN1/Beclin 1 complex and the ULK1 (unc-51 like autophagy activating kinase 1) complex are involved in regulation and initiation of the autophagic process. Additionally, ATG12 (autophagy-related 12)--ATG5 conjugation is necessary for phagophore elongation.[@cit0004] No significant increases in the levels of PIK3C3, BECN1, ATG12--ATG5 conjugate, or phospho-ULK1 were observed in the injured cortex as compared to sham-controls ([**Fig. 1A**](#f0001){ref-type="fig"} **and Fig. S2A-D**). Rather, we noticed a gradual decrease in ATG12--ATG5 conjugate. mRNA levels of *Becn1* and *Atg12* remained unaltered in the injured cortex as compared to uninjured controls (**Fig. S2E and F**). Together, these data indicate that autophagy initiation is not increased after TBI.

Similarly, we did not observe any increases in PIK3C3, BECN1, or ATG12--ATG5 conjugate levels in the hippocampus after injury ([Fig. 1D](#f0001){ref-type="fig"} **and** **Supplementary Figure S2G-I**). Rather, we noticed a small decrease in PIK3C3 at d 1 and 3, and BECN1 at d 7, in the injured hippocampus. ATG12--ATG5 conjugate also decreased slightly. We did observe a slight increase in phospho-ULK1 level in the hippocampus at d 3 and 7 after injury ([Fig. 1D](#f0001){ref-type="fig"} **and** **Supplementary Fig. S2J**). However, given a decrease in downstream mediators, this is unlikely to result in increased autophagosome formation. Therefore, as in the cortex, increased initiation of autophagy cannot account for the observed accumulation of LC3-II.

In order to confirm upregulation of autophagy markers following TBI, we performed image analysis of transgenic C57BL6 mice ubiquitously expressing GFP-tagged LC3. To ensure that we could detect induction of autophagy in this model, we treated naïve mice with rapamycin, an MTOR inhibitor and inducer of autophagy, and performed direct image analysis of GFP-LC3 fluorescence. As expected, rapamycin treatment led to significantly (*P* \< 0.05) increased numbers of GFP-LC3-positive cortical cells as compared to vehicle-treated controls (**Fig. S3A and B**). At higher magnification we also observed increased numbers of intracellular GFP-LC3-positive puncta corresponding to phagophores and autophagosomes (**Fig. S3C and D**). This was further confirmed by the immunofluorescence staining of cortical sections prepared from vehicle and rapamycin-treated *GFP-Lc3* mice using GFP antibody. We observed a significant increase in GFP staining, which colocalized with the endogenous GFP-LC3 signal in the cortices of rapamycin-treated mice as compared to cortices of naïve and vehicle-treated controls (**Fig. S3E and F**).

Following CCI we observed significantly (*P* \< 0.001) higher numbers of GFP-positive cells in the injured cortex ([**Fig. 1F and G**](#f0001){ref-type="fig"}) and hippocampus (**Fig. S4A**) as compared to sham. The numbers of GFP-LC3-positive cells peaked at d 1 and 3 after injury and decreased but still remained substantially higher at d 7. At higher magnification we observed significant (*P* \< 0.05) accumulation of punctate GFP-LC3-positive autophagic structures in the injured cortex ([**Fig. 1H and I**](#f0001){ref-type="fig"}). We further confirmed our findings using LC3 antibody in injured and sham wild-type animals (**Fig. S4B and C**) and GFP antibody in injured and sham *GFP-Lc3* transgenic mice (**Fig. S4D and E**). Taken together, these data demonstrate that LC3 and phagophores or autophagosomes accumulate within the ipsilateral hemisphere after TBI in areas both proximal and distal from the injury site.

Autophagosomes accumulate at different times in neurons, activated microglia, and oligodendrocytes {#s0002-0002}
--------------------------------------------------------------------------------------------------

Next we determined the cell-type specificity for autophagosome accumulation in the cortex. We performed immunofluorescence analysis using different cell type markers in *GFP-Lc3* transgenic mice at d 1, 3 and 7 after TBI. We observed significant colocalization of the GFP-LC3 signal with the neuronal marker RBFOX3/NeuN (RNA binding protein, fox-1 homolog \[*C. elegans*\] 3) in the cortex at d 1 following injury (68% of RBFOX3-positive neurons were GFP-LC3 positive, *P* \< 0.001; [**Fig. 2A and B**](#f0002){ref-type="fig"}). These data suggest that early after CCI injury phagophores or autophagosomes accumulate specifically in neurons. This accumulation was transient; by d 3 and 7 progressively fewer neurons were GFP-LC3 positive ([**Fig. 2B**](#f0002){ref-type="fig"}**, Fig. S5A**). Conversely, at d 3 significantly higher numbers of autophagosomes accumulated in microglia, with 59% of AIF1/IBA1 (allograft inflammatory factor 1)-expressing cells positive for GFP-LC3 (*P* \< 0.001; [**Fig. 2C and D**](#f0002){ref-type="fig"}). AIF1 is expressed by both ramified and activated microglia. The GFP-LC3 signal predominantly colocalized in microglia with amoeboid morphology in the injury area, suggesting phagophores and/or autophagosomes accumulate in activated microglia. To confirm this, we stained *GFP-Lc3* mouse brain sections with antibody against the CD68 (CD68 molecule) antigen expressed in activated microglia/macrophages. We observed high colocalization of the GFP-LC3 signal with CD68 (65%, *P* \< 0.001), indicating that phagophores and/or autophagosomes specifically accumulated within activated microglia in the injury area ([**Fig. 2C and E**](#f0002){ref-type="fig"}) at d 3. Despite an increase in total numbers of AIF1-positive cells at d 7 after injury, colocalization with GFP-LC3 decreased at this time point, suggesting that accumulation of autophagosomes in microglia was transient after TBI ([**Fig. 2D**](#f0002){ref-type="fig"}**, Fig. S5B**). We also observed a gradual increase in colocalization of the GFP-LC3 signal with the oligodendrocyte marker APC/CC1 (adenomatous polyposis coli), reaching 39% at 7 d after injury (p = 0.002; [**Fig. 2F and G**](#f0002){ref-type="fig"} and **Fig. S5C**). The GFP-LC3 signal also colocalized with oligodendrocyte precursor marker CSPG4/NG2 (chondroitin sulfate proteoglycan 4) at d 1 (35%, *P* \< 0.001), then gradually decreased at d 3 and 7 following injury ([**Fig. 2H and I**](#f0002){ref-type="fig"} and **Fig. S5D**). We hypothesize that this could be due to the differentiation of GFP-LC3-positive oligodendrocyte precursor cells into the mature (APC positive) form. Conversely, we observed poor colocalization of the GFP-LC3 signal with the astrocyte marker GFAP (under 20%; **Fig. S6**) at all time points examined, suggesting that autophagy was not affected by TBI in astrocytes.\\raster(98%)=\"rgFigKAUP_A\_981787_F0002_B\" Figure 2.Accumulation of autophagosomes is cell-type specific in the cortex after TBI. Images (20×) of GFP-LC3 mouse cortical brain sections stained with antibodies against neuronal marker RBFOX3/NeuN (**A**), microglial and activated microglial markers AIF1/IBA1 and CD68, respectively (**C**), oligodendrocyte marker APC/CC1 (**F**) or oligodendrocyte precursor marker CSPG4/NG2 (**H**). Corresponding quantification of numbers of cells single positive for each of the cell type markers (black bars) and cells double-positive (gray bars) for GFP-LC3 and RBFOX3, *P* \< 0.001 (**B**), AIF1, *P* \< 0.001 (**D**), CD68, *P* \< 0.001 (**E**), APC, *P* \< 0.01 (**G**) and CSPG4, *P* \< 0.001 (**H**) normalized to total cell numbers. The percentages of double-positive versus single-positive cells are indicated at the time points with highest significance. Data are presented as mean ± SE; n = 3; at least 1,000 cells were quantified per mouse per experiment.

Autophagosome accumulation is due to impaired autophagy flux after TBI {#s0002-0003}
----------------------------------------------------------------------

Our data suggested that initiation of autophagy is not increased and may, in fact, be slightly suppressed following TBI. Therefore, we investigated whether impairment of autophagy flux may contribute to the observed accumulation of LC3-II and autophagosomes. Ubiquitinated cargo including injured organelles and potentially toxic protein aggregates are delivered to autophagosomes by the receptor protein SQSTM1/p62.[@cit0031] On the one hand, stimulation of autophagy flux causes depletion of SQSTM1 along with other autophagic substrates. On the other hand, when autophagic clearance is impaired SQSTM1 accumulates within cells.[@cit0033] To determine whether autophagosomes may accumulate after TBI due to impaired autophagic turnover, we examined levels of SQSTM1 by protein gel blot. There was a marked increase in SQSTM1 protein levels in both ipsilateral cortex and hippocampus within 1 h after injury. SQSTM1 remained elevated through d 3 after injury but declined to baseline by d 7 ([**Fig. 3A and B**](#f0003){ref-type="fig"} and **Fig. S7A and B**). No significant changes in *Sqstm1* mRNA levels were apparent ([**Fig. 3C**](#f0003){ref-type="fig"}). This is consistent with autophagic protein degradation being impaired immediately after TBI but restored at later time points. Consistent with a defect in protein degradation, we observed general accumulation of ubiquitinated proteins ([**Fig. 3A and B**](#f0003){ref-type="fig"}). Similarly to SQSTM1, levels of ubiquitinated proteins gradually decreased. However, unlike SQSTM1, they remained above sham levels at 7 d after injury. Since ubiquitinated proteins are also degraded by the proteasome, their persistence could be due to the previously described impairment in proteasomal degradation after TBI.[@cit0034] Another possibility is that there has not been sufficient time after restoration of flux to clear all accumulated potential autophagy cargo.\\raster=\"rgFigKAUP_A\_981787_F0003_B\" Figure 3.For figure legend, see page 2215.

To confirm our findings, we performed immunohistochemical analysis of SQSTM1 levels in *GFP-Lc3* mice. Consistent with the western blot data, we observed markedly higher SQSTM1 signal in injured mouse cortex as compared to shams ([**Fig. 3D and E**](#f0003){ref-type="fig"}). The SQSTM1 signal strongly colocalized with GFP-LC3 in the injured cortex at d 1 and 3 (with, respectively, 70% \[*P* \< 0.001\] and 84% \[*P* \< 0.001\] of all GFP-LC3-positive cells also positive for SQSTM1; [**Fig. 3D and F**](#f0003){ref-type="fig"}). Similar data were obtained when wild-type control and TBI brain sections were costained with antibodies against LC3 and SQSTM1 (**Fig. S7C**). To make sure that transient accumulation of SQSTM1 is not a normal consequence of induction of autophagy in the brain, we examined levels of SQSTM1 in the cortex of *GFP-Lc3* mice treated with rapamycin. Unlike TBI, rapamycin led to a decrease in the number of SQSTM1-positive cells (**Fig. S7D**). There was also no increase in colocalization of GFP-LC3 and SQSTM1 (**Fig. S7E and F**).

Furthermore, we assessed the extent of GFP processing in *GFP-Lc3* mice after injury. We observed accumulation of both free GFP and GFP-LC3 in the cortex at d 1 after injury, which decreased by d 7 ([**Fig. 3G**](#f0003){ref-type="fig"} and **Fig. S8A**). Unlike TBI, treatment with rapamycin did not increase free GFP levels in the cortex of *GPF-Lc3* mice (**Fig. S8B and C**). Accumulation of free GFP after TBI is similar to the previously reported observation that a partial block of lysosomal function can lead to accumulation of both GFP and GFP-LC3.[@cit0036] Taken together, these results suggest that autophagosome clearance is partially impaired but not fully blocked in the cortex at early time points after TBI.

To directly confirm impairment of autophagy flux after TBI, we determined autophagy flux in brain slices from control and injured mice *ex vivo*. We incubated ipsilateral brain sections cut from injured (1 d after TBI) or control mice for 2 h in the presence or absence of chloroquine, which increases lysosomal pH and thereby inhibits lysosomal degradation. Our data demonstrated a significant increase in LC3-II in brain sections from naȉve animals treated with chloroquine as compared to untreated sections (*P* \< 0.01). Levels of LC3-II were elevated in untreated sections from TBI animals and did not further increase upon addition of chloroquine ([**Fig. 3H and I**](#f0003){ref-type="fig"}). These data confirm that autophagy flux and autophagosome clearance are impaired in the brain after TBI.

In neurodegenerative diseases, impairment in autophagic turnover leads to accumulation of ubiquitinated proteins and protein aggregates, which can contribute to neuronal cell death.[@cit0009] Similarly, we observed an increased ubiquitin signal at d 1 after TBI. 66% of ubiquitin-positive cells were also positive for SQSTM1 (*P* \< 0.01, **Fig. S9A and B**), suggesting that impaired autophagy flux contributed to accumulation of ubiquitinated proteins. We also observed numerous ubiquitin and SQSTM1 double-positive puncta in those cells, possibly indicating the presence of protein aggregates (**Fig. S9C**). Therefore, defects in autophagic turnover after TBI may contribute to accumulation of potentially toxic ubiquitinated proteins and protein aggregates.

Lysosomal malfunction contributes to disruption of autophagy after TBI {#s0002-0004}
----------------------------------------------------------------------

Under normal circumstances autophagosomes and their cargo are degraded within lysosomes by lysosomal hydrolases.[@cit0001] Impaired autophagosomal clearance after TBI led us to hypothesize that lysosomal function may be affected in the injured brain. First we examined if injury to the brain may cause disruption of lysosomal integrity and leakage of lysosomal enzymes into the cytosol. We isolated crude lysosomal and cytosolic fractions from the cortices of injured and sham mice and determined the level of the soluble lysosomal enzyme CTSD in those fractions by protein gel blot. Both precursor and mature CTSD were detected in the lysosomal fractions of sham and injured animals. In the cytosolic fraction only a faint band of CTSD was detected in either sham or injured cortex (**Fig. S10A**). This observation indicates that lysosomal integrity is likely intact following TBI.

Next we determined levels of lysosomal proteins in total protein lysates from injured and control cortex by western blot. We noticed slightly lower levels of CTSD in TBI cortex as compared to sham from 1 to 24 h after injury ([**Fig. 4A and B**](#f0004){ref-type="fig"}). CTSD markedly increased at d 3 and 7 following injury. A similar expression pattern was observed in injured hippocampus (**Fig. S10B and C**). *Ctsd* mRNA levels remained either unaltered or slightly elevated in the cortex from 1 to 24 h following injury, but similarly to the protein they were strongly upregulated at d 3 and 7 ([**Fig. 4C**](#f0004){ref-type="fig"}). Unlike CTSD, levels of lysosomal membrane proteins, LAMP1 and LAMP2 (lysosomal-associated membrane protein 1 and 2), did not change at d 1 after TBI ([**Fig. 4A**](#f0004){ref-type="fig"} and **Fig. S10D and E**) as compared to sham, suggesting that the size of the lysosomal compartment was not altered at that time. On the other hand, levels of LAMP1 and LAMP2 also increased starting at d 3 and 7 after injury. The increase in lysosomal proteins correlated with proliferation of microglia after TBI and could be due to the expanded lysosomal compartment characteristic of these cells.[@cit0039] This was confirmed by immunofluorescence analysis where we found elevated levels of CTSD and its strong colocalization with AIF1-positive microglial cells in the injured cortex at d 3 and 7 as compared to sham (82% and 80%, respectively, *P* \< 0.001; **Fig. S11A and B**). Figure 4.TBI leads to lysosomal dysfunction. (**A**) Western blot analysis of CTSD in cortical tissue lysates from sham and TBI animals. (**B**) Densitometric analysis of precursor (black bars) and mature (gray bars) forms of CTSD with respect to the loading control ACTB. n = 4, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. (**C**) Relative mRNA level (qPCR) of *CtsD* in the cortex of uninjured control and injured mice normalized to loading control *Gapdh*; n = 3, \**P* \< 0.05, \*\*\**P* \< 0.001 vs. sham. (**D**) CTSD enzyme activity determined by in vitro fluorometric assay in the crude lysosomal fraction prepared from sham and injured mouse cortices. n = 5, \*\**P* \< 0.01. (**E**) High magnification (60×) images of cells in the cortex of *GFP-Lc3* mice stained with antibody against CTSD. Accumulation of GFP-LC3 and CTSD double-positive structures (arrowheads) and depletion of single CTSD-positive lysosomes (arrows) is apparent after TBI. (**F**) Quantification of GFP-LC3 puncta and double-positive GFP-LC3/CTSD puncta in sham and TBI mouse cortex. Percentage of overlap is indicated. n = 3; data are presented as mean ± SE.

In order to determine if decreased levels of CTSD early after injury may lead to decreased lysosomal function and thus potentially contribute to the observed impairment of autophagic degradation, we compared enzymatic activity of CTSD in the cortex from injured and control animals. We found significantly lower CTSD enzyme activity in cortical extracts (**Fig. S11C**) as well as in isolated crude lysosomal fractions from injured animals at d 1 after TBI as compared to controls (*P* \< 0.01; [**Fig. 4D**](#f0004){ref-type="fig"}). This lower enzymatic function indicates decreased lysosomal activity after TBI, which could at least in part account for the observed impairment in autophagy flux.

Since lysosomal function can affect fusion of autophagosomes with lysosomes, we also examined colocalization of lysosomes and autophagosomes after injury. High-resolution analysis of brain sections from injured mice revealed decreased colocalization of GFP-LC3-positive autophagosomes with CTSD-positive lysosomes as compared to sham animals ([**Fig. 4E and F**](#f0004){ref-type="fig"}). There were also very few unfused lysosomes remaining in the injured cortices as compared to sham. Therefore, decreased CTSD protein levels and activity after TBI may contribute to a backlog of unfused or partially fused autophagosomes that cannot be efficiently processed by lysosomes.

Impaired autophagy contributes to neuronal cell death after TBI {#s0002-0005}
---------------------------------------------------------------

TBI is associated with severe neurodegeneration. Increased levels of SPTAN1 (spectrin, α, non-erythrocytic 1) breakdown products were detected in the cortex, with a peak at d 1 to 3 following TBI ([**Fig. 5A and B**](#f0005){ref-type="fig"}). This indicates the potential presence of both apoptotic and nonapoptotic cell death in the injured cortex at time points correlating with maximal impairment of autophagy. To examine if inhibition of autophagy flux may contribute to cell death after TBI we assessed levels of cell death markers in *GFP-Lc3* mice. At d 1 to 3 after injury, we observed many TUNEL-positive cells in the brain areas with high GFP-LC3 accumulation. However, we were able to detect only a few GFP-LC3 and TUNEL double-positive cells. This may be due to the fact that TUNEL is a very late cell death marker, detected at a time when other cellular proteins including LC3 may no longer be present ([**Fig. 5C and D**](#f0005){ref-type="fig"} and **Fig. S12A**). Figure 5.Impairment of autophagy after TBI contributes to neuronal cell death. (**A**) Western blot analysis of SPTAN1 breakdown products of 150 kDa, 145 kDa, and 120 kDa in cortical tissue from sham and TBI mouse brain. (**B**) Corresponding densitometric analysis of SPTAN1 bands with respect to ACTB. n = 4, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. (**C, E, G**) Images (20×) of *GFP-Lc3* mouse cortical brain sections from sham and TBI mice stained for cell death markers: TUNEL (**C**), cleaved CASP3 (**E**), CASP12 (**G**) and AIFM1 (**I**). Corresponding quantification of cells single positive for indicated cell death markers (black bars) and double positive for GFP-LC3 (gray bars) and TUNEL (**D**), Cleaved CASP3, \*\**P* \< 0.01, \*\*\**P* \< 0.001 (**F**), CASP12, *P* \< 0.001 at both d 1 and 3 (**H**), and AIFM1, *P* \< 0.001 (**J**). The percentages of double-positive versus single-positive cells are indicated at the most significant time points. n = 3; data are represented as mean ± SE.

To overcome this obstacle, we examined colocalization of GFP-LC3 with earlier markers of different types of cell death. CASP3/caspase 3, the major executioner caspase, is cleaved to an active form during apoptosis. We observed significant accumulation of cells expressing cleaved CASP3 in the cortex at d 1 and 3 after injury ([**Fig. 5E and F**](#f0005){ref-type="fig"} and **Fig. S12B**). Cleaved CASP3 strongly colocalized with GFP-LC3 (with 58% and 72% cleaved CASP3-positive cells also positive for GFP-LC3 at d 1 and 3 after TBI, *P* \< 0.001 and p = 0.003, respectively). At d 1 after TBI the majority of GFP-LC3-positive cells were neurons ([**Fig. 2A and B**](#f0002){ref-type="fig"}) and at this time point cleaved CASP3 was mostly present in GFP-LC3-positive cells with neuronal morphology. Therefore impaired autophagic flux correlates with induction of neuronal apoptosis in the same cells after injury.

Next we examined expression of the ER stress associated CASP12/caspase 12. ER stress is influenced by autophagy,[@cit0040] and has been reported to be involved in apoptotic cell death after TBI.[@cit0041] We observed an increase in CASP12 levels in the injured brain as well as significant colocalization of CASP12 with GFP-LC3-positive cells in the cortex at d 1 and d 3 after TBI (75% and 78%, respectively, *P* \< 0.001 for both time points; [**Fig. 5G and H**](#f0005){ref-type="fig"} and **Fig. S13A**). Confirming that CASP12-positive cells were defective in autophagy flux, the CASP12 signal also colocalized with SQSTM1 at d 1 and 3 after injury (**Fig. S13B and C**). Consistent with the hypothesis that impairment of autophagy may contribute to ER stress and to neuronal cell death, at d 1 after TBI the majority of CASP12 and SQSTM1 double-positive cells had neuronal morphology.

Finally we examined if autophagy may also be impaired in cells undergoing caspase-independent cell death. We stained brain sections from *GFP-Lc3* mice with antibody against AIFM1/AIF (apoptosis-inducing factor, mitochondrion-associated, 1). We noticed a gradual increase in AIFM1-positive cells, 54% of which colocalized with GFP-LC3 at d 1 after TBI (*P* \< 0.001; [**Fig. 5I and J**](#f0005){ref-type="fig"} and **Fig. S14A**). Despite total greater numbers of AIFM1-positive cells, the degree of colocalization between AIFM1 and GFP-LC3 decreased at later time points. Since neurons are the predominant cell type showing accumulation of autophagosomes 1 d after TBI, this indicates that a block of autophagic clearance may specifically correlate with caspase-independent neuronal cell death in this system. This was further confirmed by immunofluorescence analysis, which demonstrated marked colocalization of SQSTM1 with AIFM1 (**Fig. S14B**). Taken together these data suggest that autophagic impairment correlates with and may contribute to the induction of both caspase-dependent and -independent neuronal apoptosis after TBI.

Discussion {#s0003}
==========

Previous studies demonstrated increased autophagic markers in the brain after traumatic injury in both human and animal models. However, the mechanism leading to this phenotype remained unknown. Our data demonstrate that since upstream regulators and mediators of autophagy are unchanged or slightly decreased after TBI, increased initiation of autophagy cannot account for the observed accumulation of autophagosomes. On the other hand, accumulation of autophagy substrates and impaired autophagy flux *ex vivo* suggest that autophagy flux is inhibited after TBI. This is at least in part due to lysosomal impairment observed after TBI. Thus our data provide the first insight into the cellular mechanisms leading to accumulation of autophagosomes after TBI.

Dysfunction of autophagy has been implicated in neuronal cell loss in neurodegenerative diseases and in lysosomal storage diseases.[@cit0005] In lysosomal storage diseases, defects in specific lysosomal hydrolases lead to lysosomal dysfunction and, as a consequence, inhibition of autophagy.[@cit0016] Lysosomal function abnormalities have also been reported in some neurodegenerative diseases and proposed to contribute to pathological accumulation of autophagosomes and to neuronal dysfunction and death.[@cit0046] In the present study we demonstrate for the first time that lysosomal function is impaired at the early time points after TBI. We propose that this contributes to defects in autophagic clearance, which in turn may have an impact on neuronal cell death. Thus, our data reveal a potential common mechanism contributing to neuronal cell death due to chronic (neurodegenerative and lysosomal storage diseases) and acute (TBI) insults.

In the present study we also identify the specific cell types in which phagophores and/or autophagosomes accumulate at different time points after TBI. We demonstrate that phagophores and/or autophagosomes predominantly accumulate within neurons at early time points (d 1) and within activated microglia and oligodendrocytes at later time points (d 3 and 7, respectively) after injury. It is well documented that autophagic degradation is essential for neuronal survival. Therefore, the initial accumulation of autophagosomes within neurons is likely contributing to neuronal cell death. This is supported by the strong colocalization of both GFP-LC3 and SQSTM1 with markers of neuronal cell death, including cleaved CASP3, CASP12, and AIFM1. These data also indicate that the early impairment of autophagic clearance in neurons may contribute to both caspase-dependent and caspase-independent cell death. Induction of endoplasmic reticulum stress (ER stress) and activation of CASP12 following TBI have been previously reported.[@cit0041] Since autophagy is also activated by and can help relieve ER stress,[@cit0040] we hypothesize that the observed block in autophagy may further contribute to ER stress after TBI. Conversely, since ER stress causes translational arrest,[@cit0047] lower levels of lysosomal enzymes including CTSD may reflect an ER stress-mediated decrease in protein translation. This decline in translation could potentially lead to a deleterious positive feedback loop between a block in autophagy and ER stress after TBI. During caspase-independent cell death, AIFM1 translocates from the mitochondrial inner membrane to the cytosol.[@cit0048] As damaged mitochondria are targeted by autophagy, colocalization of AIFM1 with GFP-LC3 and SQSTM1 suggests the possibility that impaired autophagic clearance may contribute to accumulation of damaged mitochondria after TBI.

At d 3 after TBI both GFP-LC3 and SQSTM1 accumulate predominantly in activated microglia. Defective autophagy has been recently suggested to contribute to inflammation by activating the NFKB pathway in cancer and other diseases.[@cit0049] Specifically, SQSTM1 can directly stimulate the NFKB pathway through its interaction with TRAF6.[@cit0050] Furthermore, in M2 macrophages autophagy can selectively degrade NFKB RELA/p65, thereby reducing production of pro-inflammatory cytokines.[@cit0051] Thus, a block of autophagosome clearance and the resulting accumulation of SQSTM1 within activated microglia may contribute to the induction of deleterious neuroinflammatory responses after TBI. Recently, induction of autophagy by GSK3B inhibitors has been shown to decrease neuroinflammation following ischemic brain injury.[@cit0052] We hypothesize that restoration of autophagy flux may also attenuate inflammatory responses after TBI.

Although the number of autophagosomes remains elevated at later time points (7 d) after TBI, accumulation of SQSTM1 and to some extent ubiquitin seem to resolve. This suggests that at this time point autophagic flux may be restored. This could in part reflect death of the affected neuronal cells, while increased lysosomal activity in the proliferating microglia could allow restoration of autophagic flux in this cell type. Additionally activation of other autophagic pathways like chaperone-mediated autophagy could also contribute to eventual clearance of SQSTM1. This possibility is consistent with the increase in the level of LAMP2, which is involved in chaperone-mediated autophagy. The remaining elevation in number of autophagosomes at the 7-d time point could indicate that following restoration of flux there has not been sufficient time to clear all accumulated autophagosomes. Alternatively, it is possible that autophagosome synthesis may be increased at d 7 and potentially beyond. At least in the hippocampus, this could be mediated by increased phospho-ULK1 levels.

Although beneficial effects of autophagy after TBI have been suggested by some previous studies, in others, pharmacological inhibition of autophagy after TBI has neuroprotective effects.[@cit0021] Our data indicate a transient block of autophagic clearance at the early time points after TBI, which is than relieved later after injury. Therefore, the contradictory observations of both beneficial and detrimental effects of autophagy after TBI described by previous studies may reflect this time-dependent alteration in autophagic flux in the injured brain. We expect that early after TBI accumulation of autophagosomes reflects a deleterious effect: impaired lysosomal function and autophagosome clearance lead to accumulation of ubiquitinated proteins and protein aggregates, thus contributing to neuronal cell death. At later time points when autophagic flux is restored, autophagy may be neuroprotective. Based on our data, we propose that early interventions aimed at reduction in autophagosome overload, by either restoring lysosomal function or by decreasing autophagosome synthesis and activating other degradative pathways, may be beneficial after TBI. We hypothesize that such interventions could both directly decrease the extent of neuronal cell death as well as attenuate neuroinflammation. Conversely, later after TBI when autophagic flux is restored, induction of autophagy could be neuroprotective.

Materials and Methods {#s0004}
=====================

Controlled cortical impact {#s0004-0001}
--------------------------

All surgical procedures and animal experiments were performed according to the protocols approved by the Animal Care and Use Committee of the University of Maryland. CCI TBI was performed under surgical anesthesia (2--3% isoflurane evaporated in a gas mixture containing 70% N~2~O and 30% O~2~) in male C57BL6/J mice (20--25 g) or transgenic C57BL6/J mice expressing *GFP-Lc3* as previously described.[@cit0053] The injury device consists of a microprocessor-controlled pneumatic impactor, driven by compressed air, with a 3.5-mm diameter tip. A 10-mm midline incision was made over the skull, the skin and fascia were refracted and a 4-mm craniotomy was made on the central aspect of the left parietal bone. Moderate injury was induced by the impact velocity of 6 m/s and a deformation depth of 2 mm. Sham animals underwent the same procedure as injured mice except for the impact.

Rapamycin injection {#s0004-0002}
-------------------

Rapamycin (Sigma, 37094) was dissolved in DMSO and then diluted in vehicle containing 0.25% PEG400 (Sigma, 202398) and 0.25% Tween 80 (Sigma, P4780). The final concentration of DMSO was adjusted to 0.1%. Rapamycin was injected intraperitoneally in one group (n = 3) at a dose of 5 mg/Kg. Mice of the control group (n = 3) were injected with the vehicle only. Twenty-four h later animals were anesthetized and processed for immunohistochemistry and protein gel blot.

Immunohistochemistry {#s0004-0003}
--------------------

At 24 h, 3 d and 7 d after injury or 24 h after rapamycin injection mice were anesthetized with isofluorane and transcardially perfused with cold saline and then with 4% paraformaldehyde (pH 7.4). Brains were removed and post-fixed in paraformaldehyde for 24 h and then protected in 30% sucrose. Twenty-μm frozen sections were cut and mounted on glass slides. For immunofluorescence analysis sections were blocked with 5% goat serum (Millipore, S26-LITER) or donkey serum (Sigma, D9663) in 1(X) phosphate-buffered saline (Quality Biological, Inc., 119--069--101) containing 0.25% Triton X-100 (Sigma, X100), incubated overnight with primary antibodies and then with secondary antibodies for 2 h at room temperature. Nuclei were stained with DAPI.

Primary antibodies used in this study include LC3 (1:200; Novus, NB100--2220), SQSTM1 (1:200; Progen, GP62-C), RBFOX3/NeuN (1:500; Millipore, MAB377), AIF1/Iba-1 (1:1000; Wako, 019--19741), GFAP (1:1000; Dako, Z0334), APC/CC1 (1:1000; Abcam, ab16794), CSPG4/NG2 (1:500; Chemicon, AB5320), CTSD/cathepsin D (1:100; SantaCruz Biotechnology, sc-6486), ubiquitin (1:200; Cell Signaling Technology, 3936), AIFM1/AIF (1:250; 5318), CASP12/caspase 12 (1:200; Cell Signaling Technology, 2202), cleaved CASP3/caspase 3 (1: 200; Cell Signaling Technology, 9661), GFP (1:250; Clontech, 632592), CD68 (1:250; AbD Serotec, MCA1957GA). Secondary antibodies used are from Invitrogen: Alexa Fluor 488 goat anti-rabbit (A11034), Alexa Fluor 546 goat anti-mouse (A11030), Alexa Fluor 568 goat anti-guinea pig (A11075), Alexa Fluor 633 goat anti-mouse (A21052) and Alexa Fluor 546 donkey anti-goat (A11056).

TUNEL assay was performed on frozen brain sections using ApopTag In Situ Apoptosis Detection Kit (Millipore, S7165) as per the manufacturer\'s protocol.

Image acquisition and quantification {#s0004-0004}
------------------------------------

Images were acquired using a fluorescence Nikon Ti-E inverted microscope, at 20× (CFI Plan APO VC 20× NA 0.75 WD 1 mm) or 60× (CFI Plan APO VC 60× NA 1.4 Oil) magnification; at emission wavelengths of 460 nm (DAPI), 535 nm (GFP-LC3 and alexa fluor 488), 620 nm (alexa fluor 546) and 670 nm (alexa fluor 633). Exposure times were kept constant for all sections in each experiment. All 60× images were acquired as z-stacks and focused using the Extended Depth of Focus module of Elements software (Nikon). Background for all images was subtracted using Elements. All images were quantified using Elements: nuclei were identified using Spot Detection algorithm; cells expressing GFP-LC3 or positive for any of the immunofluorescence markers were identified using Detect Regional Maxima algorithm, followed by global thresholding. The number of positive cells was normalized to the total number of cells imaged. Intracellular puncta were detected using Spot Detection and normalized to the number of cells imaged. Numbers of GFP-LC3 cells were quantified in both the cortex and hippocampus. All other quantifications were performed in the cortex. At least 1,000--2,000 cells were quantified per mouse per experiment. For additional details on image quantification please see the Supplementary Methods section.

Western blot analysis {#s0004-0005}
---------------------

For western blot analysis, mice were anesthetized, perfused with ice-cold saline, and decapitated. Hippocampus and ∼5 mm of the cortical area surrounding the ipsilateral injury site were collected and homogenized in RIPA buffer (Teknova, R3792) containing protease inhibitor (Roche, 11836170001) and phosphatase inhibitor (Sigma, P5726). Homogenates were centrifuged at 20,000 g for 20 min at 4°C to collect the tissue lysate. Protein concentration was measured using BCA reagent (Pierce, 23225). Twenty μg of protein was resolved in either 18% or 4--15% SDS-PAGE gels (Bio-Rad, **345--0025** and **345--0029**) and transferred onto PVDF membrane (Millipore, IPVH00010). Membranes were blocked with 5% nonfat milk, probed with primary antibodies overnight at 4°C and incubated with HRP-conjugated secondary antibodies (KPL, 474--1506, 474--1806, 14--16--06 and 14--13--06) at room temperature for 1 h. Protein bands were then detected using a chemiluminiscence kit (Pierce, 34076) and visualized using a Chemi-doc system (Bio-Rad). Bands were analyzed by Image Lab software (Bio-Rad).

Primary antibodies used in this study are: LC3 (1:1000; Novus, NB100--2220), PIK3C3/VPS34 (1:1000; Invitrogen, 382100), BECN1/Beclin 1 (1:1000; Santa Cruz Biotechnology, sc-11427), CTSD/cathepsin D (1:1000; Santa Cruz Biotechnology, sc-6486), SQSTM1 (1:1000; BD Bioscience, 610832), ubiquitin (1:1000; Cell Signaling Technology, 3936), phospho-ULK1 (1:1000; Cell Signaling Technology, 5869), SPTAN1/spectrin (1:5000; Enzo Life Science International, BML-FG6090), ATG5 (1:1000; Sigma, A0731), ACTB/β-actin (1:10,000; Sigma, A1978), GFP (1:1000; Clontech, 632592), and TUBB3/tubulin (1:5000; Covance, MMS-435P). Antibodies to LAMP1 (1:1000; 1D4B) and LAMP2 (1:1000; ABL-93) were developed by J Thomas August and obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA USA.

Subcellular fractionation {#s0004-0006}
-------------------------

For subcellular fractionation brains perfused with cold saline were removed at 24 h and 7 d after injury, homogenized in buffered ice-cold sucrose solution containing 0.32 M sucrose (Fisher Scientific, BP220--212), 10 mM HEPES (HyClone, SH30237.01) and protease and phosphatase inhibitors. Homogenates were centrifuged at 800 g for 10 min at 4°C to spin down nuclei. Supernatant fractions were then centrifuged at 20,000 g for 20 min at 4°C to spin down the crude lysosomal fractions. Supernatant fractions from this step were further centrifuged at 100,000 g for 1 h at 4°C to spin down the crude membrane fraction. Pellet fractions obtained at each step were resuspended in homogenization buffer. Both supernatant and suspended pellet fractions were recentrifuged to minimize cross contamination from the different subcellular fractions. At the end all pellet fractions were resuspended in homogenizing buffer and analyzed by protein gel blot.

LC3 processing assay in brain slices {#s0004-0007}
------------------------------------

LC3 flux assay in brain sections was adapted from a previously described method.[@cit0037] 24-h post-TBI mice were anesthetized, sacrificed using a guillotine and the brains were collected in oxygenated (95% O~2~--5% CO~2~) artificial cerebral spinal fluid containing 125 mM NaCl, 1.25 mM NaH~2~PO~4~, 2.5 mM KCl, 20 mM glucose, 25 mM NaHCO~3~, 1 mM CaCl~2~ and 1 mM MgSO~4~. 400-μm ipsilateral brain sections were cut using a Leica 1000 Plus vibratome (Leica Microsystems Inc., Buffalo Grove, IL, USA) and incubated in oxygenated artificial cerebral spinal fluid with or without chloroquine (100 μM; Sigma, C6628) for 2 h at room temperature. After incubation, sections were homogenized in RIPA buffer containing protease and phosphatase inhibitors and centrifuged at 20,000 g for 20 min at 4°C to collect the lysate. Protein concentration was measured by the BCA method and lysates were analyzed by western blot.

Real-time PCR {#s0004-0008}
-------------

Total RNA isolated from ipsilateral cortex using Trizol reagent (Invitrogen, 15596--018) was converted into cDNA using the Verso™ cDNA Kit (Thermo Scientific, AB1453B) as per the manufacturer\'s instruction. cDNA TaqMan® Universal Master Mix II (Applied Biosystems, 4440040) was used to perform quantitative real-time PCR amplification. Briefly, reactions were performed in duplicate by mixing 2 × TaqMan® Universal Master Mix II, 1 μL of cDNA (corresponding to 50 ng RNA/reaction) and 20 × TaqMan® Gene Expression Assay, in a final volume of 20 μL. TaqMan® Gene Expression assays for the following genes were used for mouse: *Gapdh* (Mm99999915_g1), *Map1lc3b* (Mm00782868_sH), *Atg12* (Mm00503201_m1), *Becn1* (Mm01265461_m1), *Sqstm1* (Mm00448091_m1) and *Ctsd* (Mm00515586_m1) (Applied Biosystems). Reactions were amplified and quantified by using a 7900HT Fast Real-Time PCR System and the corresponding software (Applied Biosystems). The PCR profile consisted of 1 cycle at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Gene expression was normalized to *Gapdh*, and the relative quantity of mRNAs was calculated based on the comparative Ct method.[@cit0055]

Cathepsin D assay {#s0004-0009}
-----------------

The CTSD/cathepsin D assay was performed using a fluorometric CTSD assay kit from Abcam (ab65302) as per the manufacturer\'s instruction. Briefly, mice were anesthetized, perfused with ice-cold saline, decapitated, and cortical tissue of approximately 5-mm diameter surrounding the site of injury was dissected and homogenized in ice-cold cell lysis buffer provided in the kit. Tissue homogenates were centrifuged at 15,000 g for 5 min at 4°C. Protein concentration was estimated by the BCA method. Fifty ng of protein were incubated with the CTSD substrate mixture at 37°C for 1 h. Fluorescence released from the synthetic substrate by tissue CTSD was estimated in a fluorescence plate reader (Synergy Hybrid, Biotek) at Ex/Em = 328/460 nm.

Statistical analysis {#s0004-0010}
--------------------

Data were statistically analyzed using the Sigma Plot software (Version 12) and GraphPad Prism (version 4). One-way ANOVA was performed followed by appropriate post-hoc test (Bonferroni, Tukey\'s or SNK t-test) for parametric (normality and equal variance passed) data. Kruskal-Wallis ANOVA based on ranks followed by Dunn\'s post-hoc test was used for nonparametric (normality and/or equal variance failed) data. For experiments with only 2 groups 2-tailed Mann-Whitney Rank Sum Test (nonparametric) or 2-tailed unpaired Student *t*-test was performed. A *P* value ≤ 0.05 was considered statistically significant.
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